Morganella, Providencia and Proteus strains were capable of surviving pH 2.0 for 1 h if glutamate was present. These strains did not have glutamic acid decarboxylase activity and the gadAB genes were not detected in any of these bacteria. When exposed to pH 2.0 acid shocks, the survival rate of these bacteria was significantly increased with glutamate concentrations as low as 0.3 mM in the acid media. Escherichia coli cells incubated at pH 3.4 consumed four times more glutamate and produced at least 7-fold more c-amino butyric acid than Morganella, Providencia and Proteus strains. These results indicate that strains belonging to the Proteeae tribe might have novel glutamate dependent acid-resistance mechanisms.
Introduction
The ability of bacteria to tolerate low pH is a very important trait to survive in a variety of environmental niches [1] . Bacteria that typically colonize the large intestine of mammals have a greater chance of success if they possess metabolic mechanisms that allow them to survive the acidic pH of the gastric stomach. A variety of mechanisms of resistance to low pH have been identified in enterobacteria, but most of these systems have only been studied in Escherichia coli and in related pathogenic species [2, 3] . The acid-resistance response of E. coli appears to have multiple metabolic components and some of them have been thoroughly characterized.
According to Richard and Foster [4] , E. coli has three distinct acid-resistance mechanisms that are fully expressed at stationary phase: an oxidative, a glutamatedependent and an arginine-dependent systems. The glutamate-dependent system confers protection to pH 2.0, requires exogenous glutamate and its major metabolic component are the glutamic acid decarboxylase (GAD) enzymes that converts glutamate to c-amino butyric acid (GABA) [5] . The arginine-dependent acid-resistance system requires exogenous arginine that is decarboxylated via the arginine decarboxylase enzyme [5] . The combination of these acid-resistance systems may allow pathogenic E. coli to survive in the intestine and cause infection. Besides the glutamate and arginine decarboxylases, E. coli can also produce a lysine decarboxylase capable of conferring acid resistance [6] . Lysine decarboxylation was recognized as one of the major mechanisms of acid resistance in Salmonella, but this microorganism did not appear to have glutamate or arginine decarboxylases [7] .
Other bacteria appear to have alternative mechanisms of acid resistance. The Salmonella acid tolerance response (ATR) includes 50 acid-shock proteins that might be regulated by RpoS, Fur and PhoP [8] . Yersinia, Helicobacter and Morganella have very potent ureases that protect these bacteria from acidic pH by rapidly producing ammonia [9, 10] . Some lactic acid bacteria are capable of surviving acid environments if arginine is present, and this tolerance is due to the presence of an arginine deaminase that releases ammonia to increase pH [11] . This diversity of bacterial responses to low pH suggests that there might be other mechanisms of acid resistance yet to be identified.
The GAD-mediated acid resistance is not only found in E. coli. Enzymes similar to the ones encoded by the gadA and gadB genes of E. coli have been found in related bacteria such as Shigella [12] . The presence of GAD activity has also been detected in other Gram-negative bacteria (Providencia alcalifaciens, Bacteroides fragilis) and in a variety of Gram-positive organisms that included Clostridium perfringens, Listeria monocytogenes and Lactobacillus lactis [13] [14] [15] . While the GAD-mediated acid-resistance system has been identified in different bacteria, there is no previous report of a glutamate-dependent mechanism that does not involve glutamate decarboxylation. The present report was undertaken with the purpose of detecting GAD-mediated acid resistance among enterobacteria and identifying alternative glutamate-dependent acid tolerance responses.
Materials and methods

Strains and culture conditions
Enterobacteriaceae strains used in this study and their sources are listed in Table 1 . All of these strains were cultivated in trypic soy broth (TSB) at 37°C for 24-h.
Acid-resistance assay
The strains were assayed for their amino acid-dependent acid resistance as follows: overnight cultures grown in TSB at 37°C were diluted 100-fold into different acid-shock media (distilled water containing 10 g L
À1
Casamino acids, or 1 g L À1 of an amino acid previously adjusted with HCl to final pH values between 2.0). The concentration of the individual amino acid solutions was 10-fold less than the Casamino acid one to reflect the fact that they are mostly present in this product at less than 10% of the total amino acid composition. After acid-shock treatments for 1 h at 37°C, the viable cells counts were determined by the MPN method in triplicate in 96-well plates using TSB broth. All experiments were performed at least twice and the results were averaged by using Thomas approximation [16] .
The percent survival was defined as the CFU per milliliter after acid shock divided by the CFU per milliliter a similar cell suspension in neutral media, and based on Thomas approximation, the confidence limits at 95% was derived by multiplying or dividing mean value by 10 0:55ðlogðaÞ=nÞ 1=2 (a: dilution factor and n, the number of total wells in the MPN).
Detection of gadAB genes
The gadAB genes were detected using a PCR protocol as follows: primers (forward primer 5 0 -AC-CTGCGTTGCGTAAATA-3 0 and reverse primer 5 0 -GGGCGGAGAAGTTGATG-3 0 ) were designed to amplify a 670-bp DNA fragment from the high-homology region of gadA and gadB as described by McDaniels et al. [17] . DNA templates were prepared by boiling 0.5 mL bacterial cell suspensions for 10 min and centrifuging (10,000g, 5 min) of cell debris. PCR was performed Reaction mixtures were first heated at 94°C for 5 min and amplification was done using a thermo cycler (Stratagene, Inc., La Jolla, CA) programmed for 35 cycles of 1 min each at 94, 58 and 72°C, followed by a final 7 min extension.
Glutamic acid decarboxylase assay
The enzymatic assay buffer (pH 3.4), containing (per liter) 1 g glutamate, 90 g sodium chloride, 0.005 g bromocresol green and 5 mL Triton X-100 for 4 h at 37°C were prepared as described by Rice and co-workers [18] . Cultures were harvested by centrifugation (10,000g, 5 min), cell pellets were re-suspended in 1 mL enzymatic assay buffer, and incubated at 37°C for 4 h. The GAD activities were qualitatively determined by observing the color change from yellow to green.
Enzymatic analysis
The production of GABA and the consumption of glutamate were measured by using enzymatic assays after incubation of cells using the same buffer as described for the GAD assay, except that no bromocresol blue was added. After incubation of cell suspensions at 37°C, the reactions were terminated by boiling for 5 min. The supernatants were collected by centrifugation (10,000g, 5 min) and the enzymatic assays were performed immediately. The GABA concentration reaction mixture assay was done in 0.9 mL volumes that contained: 0.3 M Tris-HCl buffer (pH 8.9), 10 mM a-ketoglutarate, 2 mM 2-mercaptoenthol, 0.5 mM NADP and 200 mU L
À1
GABase (a mixture of 4-aminobutyrate: 2-oxoglutarate aminotransferase and succinate-semialdehyde:NAD oxidoreductase; (Sigma-Aldrich, Inc., St. Louis, MO). The reactions were initiated by adding 0.1 mL sample. After 30 min, the reactions were terminated by boiling for 5 min. The amount of GABA consumed was calculated from the amount of NAPDH formed as spectrophotometrically determined at 340 nm based on a standard curve [19] .
The free glutamate in the supernatant was determined as follows: four stock solutions were prepared: solution I contained: 0.2 M TEA, 25 mM phosphate, 13.2 g L
Triton X-100 (pH 8.6); solution II contained: 17 mM NAD, 1.2 g diaphorase (4.8 U mg À1 , Sigma-Aldrich, Inc.); solution III contained 1.19 mM iodonitrotetrazolium chloride (INT); and solution IV contained glutamate dehydrogenase (GIDH, 1200 kU L À1 , SigmaAldrich). The reaction mixture included 0.3 mL solution I, 0.1 mL solution II, 0.1 mL solution III, 0.1 mL sample (in the control, 0.1 mL water was added), and 0.9 mL water. After 2-min incubations at room temperature, 0.015 mL solution IV was added into the mixture. After an additional 2 min, the final reactant (INT-formazan) was determined spectrophotometrically at 492 nm [20] .
Statistical analysis
The data consisted of the mean value of at least two independent experiments, and in the case of survival rate calculations the variations were less than 50%. Significant differences between the treatments were determined using the StudentÕs t-test [21] .
Results
Exposure to pH 2.0 saline solution for 1 h reduced the viable count of all enterobacteria tested to less than 0.001%, with the exception of a Proteus vulgaris strain G16 that had a 1.3% survival rate (Table 2 ). When the pH 2.0 saline solution was supplemented with 10 g L
À1
Casamino acids the survival rate of as many as 49 bacterial strains did not increase, but in most E. coli, four Morganella morganii, three Providencia, one Proteus mirabilis, one Enterobacter cloacae, one Hafniae alvei, and one Citrobacter braakii strain, this number increased markedly to 1% or greater. Similar results were observed if the saline solution included 6 mM glutamate. Cultures of several of these acid-resistant enterobacteria that were subjected to acid shocks in pH 2.0 saline solution supplemented with 1 g L À1 of one of 17 other amino acids had a survival rate of less than 0.001%, with the exception of most E. coli with arginine (>0.2%) and P. vulgaris strain G16 with all of them (1.3%).
Most E. coli strains tested positive for the presence of gadAB genes and had detectable GAD activity (Table 3) . Besides strain EF522 that was deficient in GAD production due to transposon mutagenesis, E. coli O157:H7 strain 43890 was the only acid sensitive E. coli that had no enzymatic activity, but yielded PCR products for gadAB. All other acid-sensitive enterobacteria had no genotypic or phenotypic evidence of the presence of GAD. In addition to E. coli, the only acid-resistant enterobacteria that tested positive for gadAB and had GAD activity were a H. alvei and a C. braakii strain. The remaining acid-resistant enterobacteria strains Enterobacter cloacae, M. morganii, Providencia and P. mirabilis had no detectable gadAB genes and GAD activity.
The E. coli strain EF522 that had insertions in the gadA and gadB genes was sensitive to acid, produced approximately 0.4 mmol g protein À1 GABA and increased the pH to 3.9 after incubation of cell suspensions with glutamate at pH 3.4 (Table 3) . Wild-type strain EK227 and most acid-resistant E. coli cells produced 5-fold more GABA than EF522 (2.1 vs. 0.35 mmol mg protein
) and increased the final pH to 5.6. C. braakii strain G15 produced approximately 1.4 mmol g protein
. The amount of GABA produced by other enterobacteria ranged from 0.17 to 0.78 mmol g protein À1 and there was no statistically significant difference in the concentration produced by those strains that were resistant to pH 2.0 in the presence of glutamate as compared to those that were not. The final incubation media pH of strains that produced less than 0.8 mmol g protein
GABA was always less than 4.5.
E. coli strains EK227 and 43895 cultures were capable of consuming 5.6 mM glutamate when incubated Table 3 Determination of gadAB genes, GAD and GABA production in enterobacteria Strains (acid sensitive/resistant) gadAB PCR assay GAD assay GABA levels mmol g protein ND, not determined; R, acid-resistant strain that had a survival rate of 1% or greater after acid shock at pH 2.0 for 1 h; S, acid-sensitive strain that had a survival rate of 0.01% or less after acid shock at pH 2.0 for 1 h. at pH 3.4 after 4 h with an initial concentration of 5.9 mM (Table 4 ). E. coli strain EF522 only consumed 10% of the original glutamate concentration under the same conditions. The amount of glutamate consumed by P. mirabilis G08 and M. morganii G62 was approximately 23% of the initial concentration and the rest of the acid-resistant enterobacteria consumed less than 20% of that number. When the concentration of glutamate in the pH 2.0-acid-shock media was decreased to 37 lM or less the survival rate of all acid-resistant strains was less than 0.01% (Table 5 ). The survival rate of E. coli, C. braakii and H. alvei strains that were positive for GAD was maximal at glutamate concentrations between 74 and 148 lM. The survival rate of the Providencia spp. strains and M. morganii G35 strain was only maximal if the glutamate concentrations were greater than 296 lM. The remainder of the glutamate-dependent acid-resistant strains reached their maximum survival rate at 148 lM. 
Discussion
We were able to identify bacterial strains capable of surviving pH 2.0 with the addition of amino acids. These bacteria were: fourteen Escherichia coli strains, one Enterobacter, one Hafnia, one Citrobacter, four Morganella, three Providencia, and one Proteus strains. Compared to other amino acids only glutamate enabled these bacteria to survive extreme acid shocks. When these strains were subjected to an acid shock in the presence of casamino acids (Table 2) , their survival rate ranged from 1 to 39% which was slightly higher than with glutamate alone. This difference could have been due to a potential enhancement of the glutamate-dependent acid resistance when other amino acids were present.
Since GAD has been one of most important amino acid-dependent acid-resistance elements identified in enterobacteria, we conducted PCR assays targeting the gadAB genes. Our results indicated that among acidresistant strains, E. coli, Hafnia alvei and Citrobacter braakii had the gadAB genes and this result was confirmed by the detection of GAD activity (Table 3) . Because these bacteria produced GABA, they could utilize glutamate for acid resistance. Among enterobacteria, the GAD-mediated system has been identified in E. coli, Shigella and Providencia [5, 12, 13] , but this is the first report in which H. alvei and C. braakii strains have been observed to possess this stress response mechanism. The presence of GAD has been suggested as a specific marker for detection of E. coli [18] , but our findings suggest that this enzyme activity is also found among other enterobacteria. It should be noted that E. coli O157:H7 strain ATCC 43890 was the only strain that had the gadAB genes present, but had no GAD activity. The explanation for this unique trait could be due to unidentified potential defects in gene expression and/or protein synthesis. These GAD-positive strains were capable of excreting significant levels of GABA, the product of glutamate decarboxylation, and this production appeared to be linked to the disappearance of glutamate from the media. Among recent studies that have investigated the glutamate-mediated acid resistance, very few have reported the production of GABA and the consumption of glutamate as important factors. De Biase et al. [22] indicated that acid-resistant E. coli could produce as much as 1.3 mM GABA during an acid shock, but the glutamate consumption was not measured. The link of GABA production rate with an increased acid resistance remains to be determined, but in our study these parameters were useful to identify non-GAD glutamate-dependent acid-resistance systems.
Among acid-resistance strains, gad genes and glutamic acid decarboxylation were not detected in strains belonging to the Proteeae Tribe of Enterobacteriaceae (Morganella, Providencia, and Proteus) and in an Enterobacter isolate. However, glutamate addition to the acid media significantly increased their survival after a pH-2.0 acid shock. The glutamate supplementation stimulated the survival rate of these bacteria to similar levels observed with GAD-positive E. coli and their response to glutamate concentrations was comparable to E. coli. Because the Morganella, Providencia and Proteus strains did not consume significant amounts of glutamate when subjected to acid shocks, it appeared that their acid-resistance system was metabolically different from that of E. coli.
Waterman and Small [23] reported that the acid resistance of E. coli and Shigella could be completely inhibited if the glutamate-containing acid-shock media was supplemented with L L-trans-pyrrolidine-2,4-dicarboxylic acid (L L-PDC), an inhibitor of glutamate transporters. Similar to E. coli, the acid resistance of Morganella, Providencia, Proteus and Enterobacter was sensitive to the addition of L L-PDC. The glutamate-dependent systems of these strains, however, did not appear to metabolize glutamate at the same rate as E. coli (90% vs. less than 25%) and they produced significantly less GABA. These comparisons suggest that Morganella, Providencia, and Proteus possess glutamate-dependent acid resistance, but markedly different from the gad-mediated acid resistance identified in E. coli.
E. coli utilizes glutamate for osmotic as well as acid resistance. Uptake of potassium glutamate enable bacteria cells to resist high osmotic pressure by converting glutamate into proline, an osmoprotectant solute [24] . Ogahara et al. [25] suggested that the gad system is induced during an osmotic shock to maintain the charge balance during the rapid uptake of K + by converting glutamate into GABA. Based on these reports it appears that E. coli relies on glutamate for both hyperosmotic as well as acid tolerance, but the potential link between the glutamante-dependent acid resistance of the Proteeae group strains and their osmotolerance remains to be determined. Proteus, Morganella, and Providencia share some phenotypic properties rarely encountered in other enterobacteria. The most intriguing of these properties is the ability to oxidatively deaminate some amino acids to keto acids, which may function in iron transport [26] . Similar to other enterobacteria, these Proteeae group also have a urease that can hydrolyze urea and cause alkalinization of the media. We confirmed that all of the Proteeae strains that we used in this research produced urease (data not shown). These bacteria have been implicated in urinary tract infection because release of ammonia can cause crystal deposition, stone formation, and cellular damage to the renal epithelium [27] . Despite that all these strains have urease activity, only Morganella can survive extreme acid as low as pH 2.0 by generating ammonia from urea [10] .
Because of the unique physiological characteristics in Proteeae group, commercial detection systems rarely have difficulty in providing a correct identification of these organisms [28] . However, these unusual biochemical characteristics would imply the special metabolism in these groups. These alternative metabolic pathways may compensate the relatively limited ability to ferment diverse carbon sources. A potentially new acid resistance relying on glutamate might be uniquely present in the Proteeae. Glutamate dependent acid resistance that have newly identified in Proteeae tribe will contribute to broadening the understanding of these bacteria itself. Further research will be undertaken to identify this mechanisms.
